Abstract. Aborting and nonaborting cows and their dams or daughters were studied to determine if herd abortion problems were associated with the presence of Neospora caninum antibodies and to estimate when aborting cows may have acquired the infection. Cows were sampled from 20 herds that had experienced an abortion epidemic presumed to have been caused by N. caninum and from 2 herds experiencing endemic abortion. Seroprevalence for 14 herds experiencing an epidemic ranged from 7% to 70%, as estimated by enzyme-linked immunosorbent assay. A strong association between seropositivity and abortion was found for only 5 of 14 herds with a presumed diagnosis of N. caninum abortion ( P ≤ 0.015, lower 95% confidence interval of odds ratio ≥ 1.2), indicating N. caninum may be overdiagnosed as the cause of an abortion epidemic in some herds. No association was found between dam and daughter seropositivity for herds experiencing an epidemic (P ≥ 0.17), suggesting that most cows aborting during an epidemic were infected postnatally. For the 2 herds with endemic abortion (A, B), odds of an aborting cow having N. caninum antibodies were 3.4-fold (herd A) and 7.0-fold (herd B) higher than odds for nonaborting cows (P ≤ 0.05). Cows that aborted a fetus infected with N. caninum were more likely to have had a previous seropositive daughter than were nonaborting seronegative cows (P ≤ 0.0025), suggesting that infection had been acquired before conception of the aborted fetus.
Neospora caninum is the most common infectious agent in aborted bovine fetuses in some regions, suggesting that N. caninum may be a significant cause of abortion in cattle. 1, 3, 5, 8, 15, 16, [20] [21] [22] 25 Neospora caninum infection in cattle is widely distributed geographically 2 and appears to have been present long before the disease was first suspected in the mid-1980s in New South Wales, 5 Tasmania, 16 and California.
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Neospora caninum is closely related to Toxoplasma gondii 9, 10 and consequently may have a life cycle similar to that of T. gondii, for which infection can be transmitted by ingestion of oocysts in feces of a definitive host 7 or by oral or nasal exposure to tachyzoites 11, 14 or oral exposure to bradyzoites. 14 For N. caninum, however, congenital infection is the main means of natural transmission thus far demonstrated in cattle 4, 6, 17, 19 A single study has documented limited postnatal transmission on some herds. 24 Several reports of suspected bovine N. caninum abortion epidemics have described a point source distribution of occurrence. 5, 8, 15, 16, [20] [21] [22] Such a pattern would be compatible with sudden exposure to N. caninum, as would be the case if the parasite has the same life cycle as T. gondii and was transmitted through consumption of feed contaminated with oocysts from a definitive host or through exposure to tachyzoites in aborted tissues. Without previous serologic histories for cows, however, recent exposure has not been distinguished from recrudescence or manifestation of a long-standing infection. Moreover, reports of abortion storms are unclear as to whether the epidemics were associated with N. caninum infection or whether the same rate of infection described in aborting cows also existed in nonaborting cows, as would be expected if infected cows typically give birth to apparently healthy infected calves. 19 Prerequisite to control and prevention of abortion associated with N. caninum is an understanding of the extent to which abortion is a consequence of N. caninum infection and of the likelihood that abortion was a consequence of a recently acquired infection or of a recrudescence of infection acquired much earlier, perhaps following in utero exposure.
Our objectives were to estimate the extent to which N. caninum infection was associated with an abortion epidemic in herds for which a presumptive diagnosis of N. caninum abortion had been made and to determine if evidence existed for infection long before the abortion took place, as would be the case if cows were infected congenitally.
From the Department of Medicine and Epidemiology (Thurmond) Materials and methods and the California Veterinary Diagnostic Laboratory System (Hietala, Blanchard), School of Veterinary Medicine, University of CalTo accomplish the first objective, we compared the disifomia, Davis, CA 95616. tribution of N. caninum seropositivity in a sample of aborting Received for publication February 20, 1996. cows with that of a sample of nonaborting cows in herds in which N. caninum was suspected as the cause of an abortion epidemic. The intent was to pursue a diagnostic approach that evaluated the likelihood that the sudden excess of abortions that had occurred in the herds was due to N. caninum infection, not to determine if some of the individual abortions could have been caused by N. caninum. The failure to find an association between N. caninum and abortions taking place during the epidemic was not interpreted to mean that some of the abortions may not have been due to N. caninum. Each herd was considered as the population of interest.
The approach to the second objective was to compare the N. caninum serologic status of previously born daughters of seropositive cows experiencing an abortion with the serologic status of previously born daughters of seronegative nonaborting pregnant cows in the herd at the time of the abortion or abortion epidemic. The reasoning was that if cows were infected mainly via the congenital route and in turn infected their offspring, 19 then previous daughters of cows aborting a fetus infected with N. caninum would be seropositive and daughters of seronegative cows would be seronegative. However, if cows aborting because of N. caninum infection became infected after birth of the daughter, the serologic distribution would be expected to be the same for daughters of seropositive aborting and seronegative nonaborting cows. Pregnancy and abortion were confirmed by rectal palpation or observation of an abortion.
Herds experiencing an abortion epidemic
Herds experiencing an abortion epidemic were identified through serology or fetus submissions to the California Veterinary Diagnostic Laboratory System and were enrolled in the study within 6 mo of the end of the epidemic. For most herds, confirmation of N. caninum fetal infection was made by histopathology or immunohistochemistry performed by a state or regional diagnostic laboratory, as previously described. 1, 13 Herds were presumed by the presenting clinician or diagnostician to have experienced an abortion caused by N. caninum based on the epidemic pattern of occurrence and/ or by presence of fetal histopathology or immunohistochemistry compatible with N. caninum infection.
For 5 herds, blood samples were requested from three groups of cattle: 1) all cows that had aborted during the epidemic, 2) a random sample of at least as many nonaborting cows as aborting cows that had been pregnant between 4 and 7 mo during the epidemic, and 3) a previously born daughter of each aborting and nonaborting cow. For the other herds, serum was requested from as large a random sample of aborting cows as could be obtained from cows remaining in the herd, from a random sample of at least the same number of nonaborting cows 4-7 mo pregnant during the epidemic, and from a random sample of 10-60 adult cattle in the herd. Herd sizes and epidemic magnitudes are provided in Table 1 .
Herds experiencing endemic abortion
Cows were studied on 2 dairies (A, B), which were characterized elsewhere as having N. caninum infection rates of 36% (herd A) and 58% (herd B) and endemic abortion rates of 10.6% and 17.3%, respectively.
19 Abortion epidemics had not occurred in the previous 6 yr. Serum was collected during a 2-yr period from random samples of aborting and nonaborting cows and from cows that aborted a fetus infected with N. caninum. For each abortion case with a confirmed N. caninum-infected fetus, at least 2 seronegative, nonaborting control cows were selected randomly from a list of cows that were 3-7 mo pregnant at the time the case cow aborted. Blood from daughters born before the abortion was tested for antibodies to N. caninum.
Serology
Sera were tested for antibodies to Neospora using an enzyme-linked immunosorbent assay, for which a Vmax ratio of the serum to the positive control of ≥ 0.45 was considered positive, as described elsewhere.
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Analysis of data
Association between seropositivity and abortion. An initial analysis was conducted for each herd to estimate the extent to which N. caninum was associated with abortion during the epidemics. The distribution of seropositivity among cows that aborted was compared with that among nonaborting cows, using chi-square (Yates corrected) or Fisher exact tests. Strength of a statistically significant association between Neospora seropositivity and abortion was estimated by the odds ratio (OR). A P value of 0.10 was interpreted to indicate a significant association. and an OR with a lower 95% con- fidence interval (CI) (> 1) was interpreted to indicate the association had significant strength.
Association between seropositivity of dams and daughters. The relationship between daughter seropositivity and dam seropositivity was examined by comparing the serologic distribution of daughters of seropositive cows that aborted during the epidemic with that of daughters of seronegative control cows that were pregnant and did not abort during the epidemic. The hypothesis that cows infected congenitally experienced a different risk of abortion than did cows infected postnatally was examined by testing for an association between abortion status of seropositive cows and seropositive status of either dam or daughter. For the 2 herds experiencing endemic abortion, the seropositivity distribution of daughters of cows that aborted an infected fetus was compared with that of daughters of seronegative nonaborting cows.
A Fisher exact test P value <0.10 and an OR ≥ 1 were interpreted to indicate that the serologic status of daughters was related to the serologic status of the dams and that abortion was probably a consequence of infection sometime before the daughter was born rather than an infection acquired during the aborted pregnancy.
Results
The 20 herds experiencing an epidemic represented California (n = 6), Wisconsin (n = 1), Louisiana (n = 1), Colorado (n = 2), Florida (n = 2), New Mexico (n = 1), Iowa (n = 4), Utah (n = 2), and Alberta (n = 1). Seroprevalence estimates for 14 herds for which a random sample was obtained ranged from 7% to 70% (Table 1 ). For herds with samples taken only from aborting and nonaborting cows, Seroprevalence ranged from 40% to 100% in aborting and from 7% to 86% in nonaborting cows. For all herds, Seroprevalence was higher in aborting than in nonaborting cows. As indicated by a significant association between seropositivity and abortion, N. caninum was confirmed to be associated with abortion in 5 herds (nos. 1, 8, 11, 19, 20) . For those herds, odds of seropositivity in aborting cows ranged from 5 to 40 times greater than odds in nonaborting cows. A significant but weak association was found for 2 herds (nos. 5, 6) ( Table 2) . Additional serology on samples from 4 herds found elevated titers to Leptospira serovars (no. 6) or titers indicative of bovine viral diarrhea virus (BVDV) infection in the herd (nos. 15, 18, 20) .
For 5 herds from which appropriate samples could be obtained, no relationship was found between serologic status of daughters and aborting seropositive cows or nonaborting seronegative cows (Table 3) . Evidence was found for an association between dam serologic status and abortion status of seropositive cows for 1 (no. 16) of 3 herds with appropriate records to permit analysis (Table 4) . For herd 16, seropositive cows with a seronegative dam were more likely to have aborted than were those with a seropositive dam (P = 0.04, OR = 12.5, 95% CI = 0.8, 648). Although a similar trend was found for seropositive cows and their dams or daughters in herds 1 and 5, the associations were not statistically significant (P ≥ 0.13). Ages and availability of daughters varied widely within and among herds, precluding sampling of nulliparous and primiparous heifers in herds 2 and 3.
For the 2 herds experiencing endemic abortion, odds of an aborting cow having N. caninum antibodies was 3.4 and 7.0 times higher than odds for nonaborting cows in herds A (P = 0.002) and B (P = 0.05), respectively ( Table 2 ). Cows that aborted a fetus infected with N. caninum were more likely to have had a pre- vious seropositive daughter than were nonaborting, seronegative cows (P ≤ 0.0025) ( Table 5 ).
Discussion
Results indicate that N. caninum may be implicated falsely as the cause of an abortion epidemic when diagnosis is based solely on results of fetal histopathology or immunohistochemistry. Six of the herds investigated here exemplify those considered to have had an epidemic of abortion caused by N. caninum but for which no relationship between the epidemic and N. caninum serology could be found. The findings of recent BVDV involvement in 3 herds (nos. 15, 18, 20) and subsequent confirmation of abortions attributable to leptospirosis (no. 6) indicate that other infectious agents should be considered routinely in diagnostic plans for abortion epidemics in which N. caninum is suspected. In another presumed N. caninum abortion epidemic, 43% (9/21) of seropositive and 25% (6/24) of seronegative cows were observed to have aborted.
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Although the abortion rate was higher in seropositive than in seronegative cows, chi-square analysis revealed no significant association between N. caninum seropositivity and abortion (P = 0.34, Yates corrected). Only 1 study has demonstrated an association between N. caninum and an outbreak of abortion. 25 The failure of other previous studies to include serology of nonaborting cows precludes a conclusion that N. caninum was associated with abortion. Finding aborted fetuses infected with N. caninum is to be expected considering that most calves of seropositive cows are infected in utero.
19 Fetal tissues with evidence of N. caninum infection, therefore, are not sufficient proof that N. caninum was the cause of abortion or that it necessarily was associated with an abortion epidemic.
Although the causal link between N. caninum, or other possible abortifacients, and abortion can be addressed appropriately only through a prospective diagnostic approach, 12 use of retrospective serology, as presented here, can provide evidence for an association 12 A strong association. as indicated bv a low P . Table 4 . Percentage (no. tested/no. aborting or nonaborting) of Neospora caninum-positive dams or daughters of seropositive aborting and nonaborting cows or heifers in herds experiencing an abortion epidemic.
value and the exclusion of 1 in the 95% CI of the OR for herds 1, 8, 11, 19, and 20 suggest that N. caninum infection probably contributed substantially to the abortion epidemics in those herds. In contrast, high P values or inclusion of 1 in the 95% CI for the OR, such as for herds 2-6, 8, 9, 11-18, and B, suggests that N. caninum was not the necessary or sufficient cause of the epidemic. Improved confidence in estimates, especially for OR, would be expected with larger sample sizes than used here. Retrospective, cross-sectional, or prospective serology, therefore, would be appropriate diagnostic approaches to assess if an epidemic were associated with N. caninum and would avoid the strong false-positive bias inherent in diagnoses solely based on lesions in aborted fetal tissues.
The weak association found between N. caninum seropositivity and abortion in herds 3, 5, 6, and B and the tendency for Seroprevalence to be higher in aborting than nonaborting cows in all the herds may relate to constraints inherent in the sample sizes. A relatively small sample size and the estimation of OR after substituting 1 in a null cell (e.g., herd 5) could have contributed to the inclusion of 1 in the 95% CI of the OR in some herds. In addition, because Seroprevalence exceeds 50%, confidence in the OR diminishes because Table 5 . Proportion (no. tested/no. aborting or nonaborting) of seropositive cows that aborted a fetus infected with N. caninum and of seronegative nonaborting cows with Neospora caninum-positive daughters in 2 herds experiencing endemic abortion. the number of seronegative animals available for sampling diminishes. Unfortunately, such a sampling dilemma can be expected in such a diagnostic approach when herd sizes are small and when facilities or costs preclude testing of all appropriate animals.
Other reasons for the weak associations between abortion and seropositivity relate to possible competing risks of abortion. Epidemics for which a weak association existed may not have been caused by N. caninum per se, as suggested by results of BVDV and Leptospira serology for herds 6, 15, 18, and 20. Rather, abortion could have been a consequence of exposure to an abortifacient that caused fetal death in both N. caninum-seronegative and-seropositive cows. The finding of infected fetuses, as determined by histopathology or immunoperoxidase staining, would be expected to reflect simply the prevalence of infection in cows, regardless of pregnancy outcome. Alternatively, seropositive cows may have been at a slightly higher risk of aborting if fetal health was compromised by a preexisting N. caninum infection, rendering the fetus more susceptible to other abortifacients. In such a case, N. caninum could be considered a secondary factor contributing to a slightly higher rate of abortion in seropositive cows.
Abortions contributing to the epidemic (those in excess of expected overall herd background abortion rate) may not have been associated with N. caninum; rather, the trend toward higher abortion rates in seropositive cows observed in all herds may simply reflect a higher endemic rate of abortion among seropositive cows. The higher abortion rates among seropositive cows in the 2 herds with endemic abortion (A, B) indicate that more frequent abortion should be expected among seropositive cows in herds with cows congenitally infected with N. caninum, even when experiencing an abortion epidemic associated with N. caninum.
Based on the higher endemic rate among seropositive cows, another explanation for an epidemic might be the chance accumulation of endemic abortion cases in a short period. An epidemic pattern could appear by chance when an unusually high proportion of congenitally infected cows coincidentally were in a similar stage of gestation and susceptible to abortion due to N. caninum. Because considerable monthly variation can exist in infection rates of calving cows, ranging from 0% to 100%, 19 more abortions may be observed when a high proportion of pregnant cows were infected than when relatively few pregnant cows were infected.
A weakness inherent in diagnostic investigations that can impact results is the chance for misclassification bias that would result if some aborting cows were classified as nonaborting, and vice versa. Follow-up discussions revealed that cows were palpated to confirm pregnancy status during and after the epidemic, suggesting that misclassification bias probably was minimal in the investigations presented here. The potential for misclassification bias should be given serious consideration in herd-based investigations of this type.
Because serologic status of the cows prior to abortion was not known, it was unclear whether abortion was a consequence of a recent infection during the pregnancy or a manifestation of infection acquired before conception of the aborted fetus. The finding of little or no association between daughter seropositivity and serologic status of cows aborting during an epidemic, however, indicates that most of the aborting cows probably were not infected congenitally. This conclusion is based on a previous report showing that infected cows can be expected to give birth to a congenitally infected calf 19 and on the assumption of persistent, lifelong infection, 24 as is believed to be the case for T. gondii infection.
6 If seropositive cows had been infected congenitally, most would be expected to have given birth to seropositive daughters.
In contrast to findings for herds experiencing an abortion epidemic, results of daughter serology were compatible with congenital infection of cows in the 2 herds characterized by endemic abortion. The significantly higher odds of a seropositive cow than of a seronegative cow having a seropositive daughter indicates that most cows were infected before birth of the daughter. Because infection status at birth of the cows was unknown, the cows could have become infected either congenitally or postnatally but before the birth of the daughter that was sampled. Results of previous studies of congenital and postnatal infection on herds A and B, however, provide further evidence the cows had been infected congenitally. In 1 study, 19 31% and 54% of the calves were born infected in herds A and B, respectively, which could have accounted for 86% and 93% of the respective Seroprevalence in the herds. In addition, the failure of Seroprevalence to increase with age of the cows 19 and the finding of only a 2%/year rate of postnatal infection 24 indicate that congenital transmission predominated in the herds.
In herd 16, the abortion rate was lower for seropositive cows with seropositive dams than for those with seronegative dams. Although the 95% CI of the OR included 1, the tendency for seropositive cows with seropositive dams to be spared abortion suggests that these cows were congenitally infected and, therefore, may have experienced some immunity to abortion during an epidemic. Further studies are necessary to clarify the extent to which immunity to abortion may exist.
The finding that most seropositive cows in herds A and B had seropositive daughters before conception of an aborted fetus suggests that acquisition of infection during pregnancy is not necessary for endemic abortion caused by IV. caninum. These data also indicate that an infected cow can give birth to a normal, infected fetus and abort an infected fetus in a subsequent pregnancy. Unfortunately, however, no definitive test exists for abortion caused by N. caninum; fetal lesions and immunohistochemical evidence of N. caninum cysts and tachyzoites indicate fetal infection, not necessarily that N. caninum caused the abortion. Consequently, further studies examining cows prospectively will be necessary to determine if timing of infection of the dam influences risk of abortion.
